argC encodes N-acetyl-gamma-glutamyl phosphate reductase, the enzyme that catalyzes the high-energy-consuming third step in the arginine synthesis pathway. A comparative analysis revealed two translation start sites in argC from Sinorhizobium meliloti. To determine whether both protein versions are synthesized in the organism and their functional role, we obtained genetic constructs with one (1S) or two (2S) start sites, with promoters of low (pspeB) or high (plac) transcriptional rate. The constructs were transferred to the S. meliloti 1021 derivative argC mutant strain. Both protein versions were found in the free-living proteomes, but only ArgC 1S showed post-translational modification. Expression levels from argC 1S were five times higher than those of 2S, when transcribed by plac, and in concordance, its protein activity was 3-fold greater. The overexpression of both versions under plac delayed cellular growth. Inoculation of Medicago sativa plants with the S. meliloti strain harboring the argC 1S under plac induced nodulation but not nitrogen fixation. However, the strain with the argC 2S under the same promoter had a positive phenotype. Overproduction of ArgC protein for the synthesis of arginine induced physiological and symbiotic effects.
INTRODUCTION
Rhizobia are Gram-negative alphaproteobacteria that are commonly found in soil and able to establish a symbiotic relationship with legumes. They inhabit plant root nodules and fix atmospheric nitrogen (Remigi et al. 2016) . Arginine is an important amino acid, central to cellular metabolism. It has one of the highest loads of nitrogen (four amino groups form part of the molecule), and its synthesis requires a high amount of energy and reducing power (Llácer, Fita and Rubio 2008) . This amino acid can be considered a nitrogen storage compound and is a precursor for the synthesis of polyamines, which fulfill several roles in the cell (a recent review describes the roles of amino acid metabolism in the rhizobia) (Dunn 2015) . The arginine synthesis pathway involves several reactions performed by proteins encoded by the genes argA to argH (Cunin et al. 1986; Kaleta et al. 2013; Hernández et al. 2015) . Some of the genes encoding this pathway are clustered together, as in Escherichia coli (argECBH) (Piette et al. 1982) . In rhizobia, the argC gene is coupled to a gene for arginine catabolism, speB (agmatine ureohydrolase), which participates in the synthesis of putrescine (Díaz et al. 2011) . In this work, we reported that the genes speB-argC effectively form an operon in Sinorhizobium meliloti, but an additional promoter located in the intergenic region can also independently control argC transcription. We also found that different quantities of argC mRNA were produced by the argCs from other rhizobia species, such as Rhizobium etli, Agrobacterium tumefaciens and Mesorhizobium loti, even when the sequences were transcribed from the same promoter. This suggested an additional control for the transcription of these genes. Analysis of S. meliloti argC sequence revealed an alternative start site coding for 22 additional residues. The alternative coding sequence would result in a protein with an approximate molecular weight (MW) of 35 836 Da and an isoelectric point (pI) of 6.0, whereas the regular length product is 33 298 Da with pI 5.99. It is not yet known if the additional protein is indeed produced and if it would cause functional differences.
There are very few reports of alternative translation start sites in bacteria, although examples include lycopene cyclase (crtY) in Pantoea ananatis (Sung-Woo et al. 2008) and cytochrome p450 in Mycobacterium tuberculosis (Chenge et al. 2016) . Their existence is well established in eukaryotes (Rahim et al. 2012) ; however, few studies have analyzed the functional differences of the resulting proteins in detail (Kochetov 2008) . Bioinformatic analysis of genome sequence organization can help to predict the importance of translation signals as well as their global occurrence (Itzkovitz, Hodis and Sega 2010) . Open reading frames (ORFs) with alternative start codons may be localized in different positions with respect to the main ORF. The start sites, commonly AUGs, serve to mark the beginning of the principal peptides. Additionally, in some cases, an upstream start site can serve as the start site for an extended version of the ORF. The translation can be suboptimal due to the location of the secondary start site (Kochetov 2008) .
Our objective in this study was to determine whether S. meliloti produced two versions of ArgC that differed in their start sites, and also to compare the transcriptional profiles, enzymatic activities, functional differences, and symbiotic phenotypes of strains with these potential proteins.
MATERIALS AND METHODS

Bacterial strains and culture media
The strains used in this study are listed in Table 1 . Sinorhizobium strains were grown and maintained in solid or liquid peptoneyeast extract medium, containing 0.5% peptone, 0.3% yeast extract and 7 mM CaCl 2 (Encarnación et al. 1995) . Minimal medium (MM) contained 1.2 mM K 2 HPO 4 , 0.8 mM MgSO 4 and 1.5 mM CaCl 2 plus carbon (succinic acid) and nitrogen (NH 4 Cl) sources at 10 mM each (Encarnación et al. 1995) . Escherichia coli strains were grown in Luria broth (LB) medium (Sezonov, Joseleau-Petit and D'Ari 2007) . Liquid cultures were shaken at 200 rpm. Antibiotics were added when necessary at the following concentrations: 20 μg ml −1 nalidixic acid; 15 μg ml −1 gentamicin; 100 μg ml −1 spectinomycin; 100 μg ml −1 streptomycin. Growth was assessed measuring protein content per milliliter by the Lowry method (Lowry et al. 1951) , as a more precise determination than optical density due to excessive polysaccharide production by rhizobia. The mean generation time of strains was calculated as the number of hours required to double protein content in the exponential growth phase.
Cloning procedures
Constructs containing S. meliloti strain Rm1021 argC with one translation start site (hereafter referred as argC 1S) or two start sites (argC 2S) were obtained using a similar strategy to that described previously (Díaz et al. 2011 ). The strategy is based on the introduction of overlapping ends by PCR amplification, using chimeric primers (Shevchuk et al. 2004) . For 1S version, the forward primer was SmPro + SmC1; for 2S version, the forward primer was SmPro + SmC2. The reverse primer was the same for both, argCSmXb3b-rev ( Table 1 ). The fragments generated were used in a second PCR designed to include a promoter for gene expression. In order to have differential levels of protein production, two types of promoters were used: S. meliloti pspeB, with native regulation and low transcriptional rate, and E. coli plac, constitutive and of high transcriptional rate. For pspeB, the primer was speBSm-Fb; for plac, the primer was argCSmKpnb-fwd (Table 1 ). The resulting fragments were cloned into pBBR1MCS3 (Kovach et al. 1995) , a broad host range tetracycline-resistant plasmid that replicates in Sinorhizobium; it was digested with the enzymes XbaI or KpnI to clone the fragments. The resulting plasmids were pFGP27 (argC 1S) and pFGP28 (argC 2S) under pspeB, and pFGP29 (argC 1S) and pFGP30 (argC 2S) under plac, respectively. These plasmids were mobilized into the S. meliloti argC-mutant by triparental matings, using pRK2013 as a helper (Figurski and Helinski 1979) .
Real-time PCR for transcriptional assay
RNA isolation, cDNA probe production and real-time PCR assays were conducted essentially as reported previously (Díaz et al. 2011) , using the oligonucleotides Sm-argCfwd and Sm-argCrev (Table 1 ). The TaqMan probe for argC was SmargC. The endogenous control was S. meliloti rpoA, amplified using the oligonucleotide primers rpoA-fwd and rpoA-rev. The TaqMan probe for rpoA was rpoA-Taq.
Enzymatic activity of ArgC
The activity of ArgC in cell extracts from cultures grown in MM succinate-ammonium was assayed as reported previously (Díaz et al. 2011) , by measuring the disappearance of NADPH in the presence of N-acetyl glutamate and ATP. The reaction was coupled to the activity of ArgB (purified in our laboratory) as reported previously (Díaz et al. 2011) . The specific activity of ArgC was expressed as nanomoles of NADP produced per minute per milligram of protein. The protein concentration was measured using the Lowry method (Lowry et al. 1951) .
Proteomic detection of ArgC
The proteomic detection and identification of ArgC was performed as reported previously (Encarnación et al. 2005) . Briefly, cells were grown for 8 h in MM succinate-ammonium, and whole cell proteins were extracted by sonication in 50 mM 
Detection of post-translational modifications
Eleven spots identified as ArgC were selected from the proteomes to determine post-translational modifications by liquid chromatography coupled to mass spectrometry. The samples were analyzed by the Proteomics Service Unit of the Instituto de Biotecnología-Universidad Nacional Autónoma de México (UNAM) (Cuernavaca, Mexico). The spots were geldigested, enriched using TiO2 columns, and analyzed using the Velos-Orbitrap system (Thermo Scientific, Bremen, Germany). Computational analysis of the data was performed using the Protein Prospector (Matrix Science), Mascot (Matrix Science) and Sequest (Thermo Scientific) programs coupled with Thermo Proteome Discoverer v1.3 (Thermo Scientific). Potential phosphorylation sites were located in the identified peptides using the Fine Mode program (Thermo Scientific).
Plant growth assays
Alfalfa plants (Medicago sativa), cultivar Moapa, were used to test the symbiosis with S. meliloti strains. Seeds were surface sterilized with absolute ethanol for 60 s and washed with sterile water. They were then immersed in 20% sodium hypochloride for 5 min, and washed extensively with sterile water. For germination, the seeds were placed on petri dishes with humid No. 41 Whatman paper. Seeds were stored in the dark for 2 days at 22
About 20 seedlings were inoculated with 0.2 ml of cells diluted to 0.1 optical density measured at 540 nm and transferred to pots with 1:1 mix of agrolite and vermiculite. Plants were maintained in the greenhouse at 22
• C-24
• C, at 60% humidity during the day, and 80% humidity at night. Jensen medium (in grams per liter: CaSO 4 1 g, K 2 HPO 4 0.2 g, MgSO 4 0.2 g, NaCl 0.2 g, FeCl 3 0.1 g) (Vincent 1964 ) was used to irrigate them, alternating with sterile water. At 20, 27, 34, 40 and 49 days post-inoculation (dpi), nitrogenase activity was measured by the method of acetylene reduction (David et al. 1980) in sets of five plants. The number and weight of nodules were recorded. The experiment was repeated three times, and a representative example is shown.
RESULTS AND DISCUSSION
Sequence arrangement at the intergenic segment of speB-argC
The structural arrangement of the intergenic sequence of speBargC in S. meliloti 1021 is shown in Supplementary Fig. S1 , Supporting information. The transcriptional regulatory elements of argC overlapped the final segment of the speB gene. In this region, there was a potential promoter with a -10 box TATAT element, belonging to a Sigma 70-dependent promoter, almost at the end of speB, as well as the first base of argC transcription. The start site with codon ATG is conserved in several argC sequences from Rhizobiales, including Mesorhizobium, Brucella, Sinorhizobium and Rhizobium species (data not shown). A second potential start site (TTG) for argC was found at position -66 (upstream the ATG codon). A comparison of the sequence of the intergenic segment across 11 strains of S. meliloti revealed an identical sequence and the same organization and start codons in eight strains; the other three strains, however, differed at the potential second start codon, containing instead the sequence TCG (not shown). For clarity, the different versions of argC are denominated as follows: 'argC 1S' containing the single start site ATG, which is conserved among the Rhizobiales, and 'argC 2S' containing both start sites, TTG and ATG.
In a previous report, we observed transcription from the argC promoter, and also from a promoter located upstream in speB (Díaz et al. 2011) . It was surprising to find another functional promoter besides that of the operon, but we considered that it pointed to additional fine regulation of arginine synthesis. Our evaluation of the pargC promoter produced a higher level of transcription than pspeB promoter, suggesting that the cell requires greater transcription of this gene. The same coupling between a gene for arginine catabolism and one for its synthesis was present in several other rhizobial strains and species (not shown).
Both ArgCs 1S and 2S were identified in the proteomes
To confirm that ArgC proteins produced from both potential start sites were present in free-living S. meliloti cells, we analyzed proteomes using 2D-PAGE and mass spectrometry. As noted above, ArgC proteins produced from the different start sites can be identified by their different pIs and MWs; ArgC 1S has a predicted MW of 33 298 Da with pI 5.99, and ArgC 2S a MW of 35 836 Da with pI 6.0.
In the proteome of wild-type strain Rm1021, the precise location of ArgC 1S was identified (arrow, Supplementary Fig.  S2A , Supporting Information) comparing with the mutant strain argC-(grown with arginine supplementation; Supplementary  Fig. S2B , Supporting Information). Several plasmids were constructed containing coding sequences of argC to produce versions 1S or 2S. To control the expression of the gene we used two types of promoters, either of low (pspeB) or high (plac) transcriptional rate. For simplicity, constructs are denominated pspeB 1S (pFGP27), pspeB 2S (pFGP28), plac 1S (pFGP29) and plac 2S (pFGP30). It is important to note that the constructs coding argC 2S can still produce the version 1S.
The proteomes from cells with plasmids expressing either argC 1S (pFGP27) or 2S (pFGP28) under the control of the pspeB promoter are shown in Fig. 1A and B, respectively. The proteome section in which ArgC was detected ( Supplementary  Fig. S2A , Supporting Information) is shown in detail. The red arrow in Fig. 1A points to ArgC 1S spot. In the case of construct 2S, the orange arrow points to ArgC 1S (Fig. 1B) , but additionally, a faint spot in a higher position was identified as ArgC 2S (green arrow, Fig. 1B ). Strong spots corresponding to ArgC 1S were observed in cells having any of the constructs under the plac promoter, 1S (pFGP29, Fig. 1C ) and 2S (pFGP30, Supplementary Fig. S2C, Supporting Information) . Again, the spots corresponding to ArgC 2S were very faint or not visible by eye. 
Only ArgC 1S showed post-translational modifications
The observation of changed position of ArgC 1S mentioned above led us to analyze the nearby spots. Strikingly, we found that several of these spots also corresponded to ArgC. The differing positions suggested post-translational modification of the proteins. Eleven spots corresponding to ArgC were selected and analyzed to identify possible modifications. Given that phosphorylation is the most common mechanism for post-translational modification (Khoury, Baliban and Floudasa 2011) , we tried to identify phosphorylated residues in these proteins. We used the plasmids containing the argC versions under the plac promoter due to higher protein production. The location, spot density and the presence of phosphorylation were determined for each of the 11 ArgC spots and are shown in Fig. 2 . In cells expressing version ArgC 1S, several spots were found to be phosphorylated ( Fig. 2A, spots 6 , 7, 8, 9 and 10). In contrast, the spot corresponding to ArgC 2S was not phosphorylated (Fig. 2B, spot 12) . However, even in cells with the 2S construct, the most abundant ArgC produced, corresponding to version 1S, was modified by phosphorylation (Fig. 2B, spot 3) . Supplementary Table S1, Supporting Information, shows the amino acid residues found to contain phosphates in each of the modified proteins. Residue 35 (threonine) was modified in the most abundant ArgC spot in each proteome, but serine-72, threonine-164 and threonine-171 were phosphorylated exclusively in the most abundant spot of version 1S (spot 8). The modified threonines, 164 and 171, were located close to the catalytic residue of the protein (cysteine-140). Additionally, from comparison between whole proteomic images of strains with ArgC 1S or ArgC 2S, we found that at least four spots in each gel changed their expression significatively (not shown).
The ArgC version 1S was post-translationally modified possibly as a mechanism to modulate its enzymatic activity. It was very interesting to find several modified ArgC entities, representing an additional level of regulation. The ArgC version 2S was not modified, perhaps its length did not allow the modification or it is not necessary because its participation in catalysis is marginal due to its scarcity.
ArgCs transcribed under plac induced a growth delay
We evaluated whether the constructs expressing the ArgC versions would cause differences in cellular growth. We complemented the argC-mutant strain with plasmids containing each version of argC. Cells complemented with either version controlled by the speB promoter showed nearly equivalent growth (Fig. 3A) . When cells were complemented with either version of argC controlled by the plac promoter, both showed delayed growth (Fig. 3B) , with doubling times 1.5 h longer than that of wild-type cells. In this regard, the growth delay may be related to the metabolic cost of the excess of protein produced and/or to a metabolic imbalance resulting from the energy and nitrogen requirement for arginine synthesis (Cunin et al. 1986 ). When we used the plac promoter previously, we found it increased ArgC activity by 4 to 20 times, compared with the activity of proteins transcribed using the pspeB or pargC promoters, respectively (Díaz et al. 2011 ).
The ArgC constructs showed different transcriptional profiles and enzymatic activity
Based on the previous result, we were interested in determining the transcriptional profiles and enzymatic activities of the different ArgC versions. Transcription was assessed by real-time PCR and activity was measured in cells grown in MM of succinateammonium for 8 h. ArgC activity was measured in a coupled reaction with ArgB. When the constructs were driven by the pspeB promoter, the transcription and activity levels were low with no clear difference between the ArgC versions 1S and 2S. However, the transcriptional rate of version 1S expressed under plac was six times higher than that of version 2S (Table 2) . Accordingly, enzymatic activity of ArgC 1S was 3-fold higher than that of 2S. argC transcription appears to be highly regulated in S. meliloti for the control of ArgC protein production. This is expected, given the high catalytic cost of the ArgC reaction. The scenario differs, however, in other species of Rhizobiales; we found, for example, that the transcription rate of argC in M. loti was several times higher than in S. meliloti (Díaz et al. 2011) . The amounts of transcript and protein produced were not directly related to the observed enzymatic activity, which pointed to a controlled activity. The question remains of whether post-translational modification is important in the control of protein activity. The idea that one of the versions had a potentially toxic effect can be discarded, given that both versions enabled similar growth when moderate transcription rates were obtained using the pspeB promoter (see above); however, it is important to recall that at least four proteins in each proteome showed modified abundance in response to the expression of ArgC versions 1S or 2S.
Overexpression of ArgC 1S induced no symbiotic nitrogen fixation
Greenhouse assays with alfalfa plants were performed to determine the symbiotic phenotype with cells expressing ArgC versions 1S or 2S. The S. meliloti wild-type strain, as well as the argCmutant strain, both containing the empty vector pBBR1MCS3, showed normal symbiotic performance (growth, nodulation and nitrogenase activity) ( Fig. 4 ; Supplementary Table S2 , Supporting Information). Strains harboring constructs with versions 1S or 2S, expressed by the pspeB promoter, had similar positive phenotypes. A striking negative phenotype for nitrogenase activity was observed for the strain in which transcription of the 1S version was driven by plac. The nodules formed were small and white (not shown). The 2S construct, transcribed from the same promoter, induced diminished plant growth but had normal nodulation ( Fig. 4 ; Supplementary Table S2, Supporting Information).
From these results, we can infer that regulatory changes leading to overexpression of ArgC 1S had a strong negative effect in symbiosis, possibly due to the energy derivation for arginine synthesis. Compared to version 1S, transcription of version 2S was weaker, and the proteins produced had lower levels of phosphorylation. The transport and cycling of amino acids between plant and bacteroids are important during symbiosis, but increasing nitrogen assimilation can produce negative effects. In previous studies, we found that functioning glutamate dehydrogenase in R. etli provoked a strong deleterious effect in symbiosis (Bravo, Becerril and Mora 1988; Mendoza et al. 1995) . This control enables the plant to avoid cheating by rhizobia (Kiers et al. 2003) . As a reward for fixed nitrogen, the plant provides the bacteroids with sufficient carbon for bacterial metabolism; however, an imbalance in the exchanged metabolites provokes a sanction by the host, diminishing the risk of parasitism.
Arginine requirement in symbiosis is diverse. For example, in the R. etli-Phaseolus symbiosis, an arginine auxotroph did not produce nodulation factors (Ferraioli et al. 2001) . However, an argF mutant in M. loti was able of form nodules, but did not fix nitrogen (Mishima et al. 2008) . Barnett et al. (2004) observed that several S. meliloti genes from the arginine synthesis pathway had their expression decreased in bacteroids, compared with free life, and also showed dependence from fixJ (of the sensing pair FixLJ), part of the oxygen regulatory cascade in symbiosis. Given that the argC mutant strain was efficient for nitrogen fixation, apparently the plant supplied arginine in sufficient amounts. However, how the overproduction of an enzyme of the arginine pathway, such as ArgC, can disbalance the functioning of the symbiosis? Possibly, it was due to the excess of energy required for the catalysis performed by the enzyme. Despite that arginine synthesis in the symbiosis is possibly downregulated precisely due to the arginine supplied by the plant, it is important to recall that the promoter plac is constitutive and of high transcriptional Table 2. rate. Comparatively, the pspeB promoter was of low rate and naturally regulated. The defect in symbiosis and the growth delay showed by argC 1S under plac possibly are consequences of the same phenomenon, i.e., the unusual demand of energy derived from the excess of ArgC functioning.
We cannot discard the possible participation of additional elements of regulation accounting for the phenotypic differences, at transcriptional or translational stages of argC; for example, the formation of secondary structures in the messenger RNA or small regulatory RNAs targeting the additional 5' UTR segment (Wroblewska and Olejniczak 2016; Nitzan, Rehani and Margalit 2017) .
In eukaryotic cells, alternative translation of proteins apparently occurs in response to several necessities, for example, protein isoforms with differential regulation (Rike et al. 2011) , location (Porras, Padilla and Krayl 2006) or export signals (Vittorioso et al. 1994; Claudiani et al. 2005) . In Beryomyces hansenii, the presence of alternative start sites is the main mechanism for the synthesis of cytosolic or membrane-bound forms of 5 -bisphosphate nucleotidase (Aggarwal and Mondal, 2006) . In the case of the human p53 protein, a truncated isoform is characterized by the absence of the transactivating amino terminal domain (Courtois et al. 2002) .
The genomic annotation predicted that an additional, longer protein would be present in S. meliloti. We expressed short and long ArgC versions and detected them in S. meliloti proteomes. The overproduction of ArgC 1S possibly led to post-translational modifications and altered enzymatic activity, resulting in growth delay and abnormal symbiotic phenotype.
